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Bioleaching Of Zinc And Iron From Sphalerite
Using Leptospirillum Ferriphilum: Kinetic Aspects
Venkatesa Prabhu.S, Baskar.R, Gurusamy Ramesh, Amare T.Adugna
Abstract: In this study, the impact of pulp density (PD) on indirect bioleaching of the sphalerite ore has been resolved over a time of 20 days
using adapted Leptospirillum ferriphilum. The strain was segregated from the Chitradurga mine sector in Ingaldhal (Karnataka, India) and was
exposed to molecular strategies before bioleaching experiments. The bioleaching process was done at fixed parameters of initial pH, rpm, and
temperature at 3.0, 150, and 28 ± 2°C, respectively, and differing PD 1–5% (w/v) in orbital shake flask. At 1% and 5% PD, the bioleaching
efficiency of zinc from the ore was 87.85% and 60.1%, respectively, while that of iron from the ore was 92.74% and 65.7%. The results showed
that efficiency of bioleaching was unequivocally impacted by PD and maximized at low PD. Rate kinetic study through the first-order kinetics
indicated that the maximized rate constant values of bioleaching were obtained at experiments with lower PD. The Michaelis–Menten (M-M) type
equation was utilized to anticipate the connection between metal leaching rate and PD as the constraining substrate. From the observed data, the
estimations of the M-M kinetic parameters km and Vmax were found to be 2.729 mgL-1 and 1.0172 mgh-1L1, respectively, for leaching of zinc, and
1.5058 mgL-1 and 0.1325 mgh-1L-1, respectively, for leaching of iron. The kinetic investigation using shrinking core model for rate-controlling step
was completed on bioleaching data. It demonstrates that the rate of zinc and iron leaching with the strategy of indirect bioleaching of sphalerite by
L. ferriphilum is constrained by the dissemination mechanism of ash layer.
Key words: Bioleaching, Iron, L. ferriphilum, Metal Leaching, Rate Kinetics, Shrinking Core Model, Zinc.
——————————  ——————————

1. INTRODUCTION
Interest for zinc has expanded essentially since 2005 for
galvanizing, die-casting in brass and bronze, and chemical
production. More than 11 million tons of zinc is created yearly
around the world. Zinc is recouped from its diverse ore
deposits such as sulfide, carbonate, silicate, and oxide [1].
Among the zinc sources, zinc sulfide is one among the most
huge and abundant zinc minerals [2]. It is usually known as
sphalerite (ZnS). Sphalerite is an unmistakable clear crystal
with shading extending from pale yellow to orange at its
unadulterated structure. For the most part, it shows up in a
hexagonal crystal structure and delivers dark, opaque metallic
crystals rich in iron. To recover zinc from sphalerite, the zinc
industry has moved away from conventional technique for
pyrometallurgy to hydrometallurgy and electrometallurgy in the
previous two decades [3]. The most common forms of
electrometallurgical processes are electrowinning and
electrorefining. These days, roughly 90% of world’s total zinc
is removed from sphalerite by roast-leach-electrowinning and
pressure hydrometallurgy [4].
In the course of recent decades, researches on microbeassisted recovery of zinc by biohydrometallurgical process
have been carried out largely on its sulfide ore [5].
Biohydrometallurgy is a disintegration procedure encouraged
by microorganisms for the recuperation of metals from their
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concentrates/ores, which is referred to informally as
―bioleaching‖ [6]. The different metallurgical problems related
to environmental pollution involving traditional methods can be
alternated by bioleaching [7]. It has several advantages such
as it requires low capital investment, is an eco-friendly
process, abides by strict enforcement of antipollution laws,
and demands less requirement of costly sophisticated controls
[8]. In the bioleaching procedure, the bacterial oxidation of
mineral sulfides makes soluble metal sulfates, which prompts
the extraction of metals from their complex form.
Subsequently, bioleaching microorganisms assume an
imperative job in the disintegration of sulfide minerals [9]. An
assortment of thrived microorganisms are familiar to catalyze
bioleaching of metals from ores, which incorporate
Acidithiobacillus ferrooxidans, A. thiooxidans, A. caldus, A.
albertensis, Leptospirillum ferrooxidans, L. ferriphilum,
Ferroplasma cupricumulans, Sulfobacillus acidophilus, S.
metallicus, and Acidianus sulfidivorans [10,11]. Of these, A.
ferrooxidans is of prime importance and is one of the almost
all completely concentrated iron-oxidizing microorganisms
[12]. Though it grows best with higher ferrous ion
concentrations, one of the members of the genus
Leptospirillum, L. ferriphilum is gaining attention as an
alternative iron oxidizer now [13]. This move in intrigue can be
ascribed to the way that L. ferriphilum tolerates lower pH,
higher cultivation temperature, higher redox potential of the
medium, and higher inhibiting concentration of ferric ion [14].
So, it is chosen as the targeted bacterium of this study. To
recoup zinc from sphalerite, the zinc business has moved
away from conventional technique for pyrometallurgy to
hydrometallurgy and electrometallurgy in the previous two
decades [15]. The most widely recognized types of
electrometallurgical procedures are electrowinning and
electrorefining. These days, roughly 90% of world's complete
zinc is removed from sphalerite by dish filter electrowinning
and weight hydrometallurgy [16]. In the course of recent
decades, examines on organism helped recuperation of zinc
by biohydrometallurgical procedure have been completed to a
great extent on its sulfide mineral [17]. Biohydrometallurgy is a
disintegration procedure encouraged by microorganisms for
the recuperation of metals from their concentrates/minerals,
which is referred to casually as "bioleaching" [18]. The diverse
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metallurgical issues identified with natural contamination
including customary techniques can be rotated by bioleaching
[19]. It has a few points of interest, for example, it requires low
capital venture, is an eco-accommodating procedure,
maintains exacting implementation of antipollution laws, and
requests less prerequisite of exorbitant advanced controls
[20]. In the bioleaching procedure, the bacterial oxidation of
mineral sulfides produces dissolvable metal sulfates, which
prompts the extraction of metals from their mind boggling
structure. Thusly, bioleaching microorganisms assume an
essential job in the disintegration of sulfide minerals. An
assortment of flourished microorganisms are known to
catalyze bioleaching of metals from minerals, which
incorporate Acidithiobacillus ferrooxidans, A. thiooxidans, A.
caldus, A. albertensis, Leptospirillum ferrooxidans, L.
ferriphilum,
Ferroplasma
cupricumulans,
Sulfobacillus
acidophilus, S. metallicus, and Acidianus sulfidivorans . Of
these, A. ferrooxidans is of prime significance and is one of the
most completely concentrated iron-oxidizing microorganisms
[21]. In spite of the fact that it develops best with higher
ferrous particle focuses, one of the individuals from the sort
Leptospirillum, L. ferriphilum is picking up consideration as an
elective iron oxidizer now. This move in intrigue can be
credited to the way that L. ferriphilum endures lower pH,
higher development temperature, higher redox capability of
the medium, and higher hindering centralization of ferric
particle [22]. Along these lines, it is picked as the focused on
bacterium of this investigation. Bioleaching mechanism is
classified into two types, direct and indirect. In the direct
mechanism, direct oxidation of mineral sulfides takes place by
bacterial enzymatic system [23]. In the indirect mechanism,
ferric ion resulting from bacterial oxidation of ferrous
compounds by iron-oxidizing bacteria (IOB) is responsible for
oxidizing metal sulfides to soluble metal sulfate [24]. An
important subprocess involving sulfur-oxidizing bacteria, the
transformation of intermediary sulfur compounds, specifically
sulfur-to-sulfuric acid, is responsible for bioleaching [25].
Because L. ferriphilum is a type of IOB, bioleaching of
sphalerite takes place through oxidizing action of ferric ions.
The major possible reactions of polysulfide pathway catalyzed
by L. ferriphilum on bioleaching of sphalerite and pyrite
minerals can be represented in the following equations [26]:
2Fe2+ + 2H+ + 0.5O2 → 2Fe3+ + H2O
(1)
0.5n ZnS+Fe3++H+ → Zn2++0.5H2Sn+Fe2+ (2)
FeS2 + Fe3+ + H2O →7Fe2+ + S2O32 + 6H+ (3)
0.5 H2Sn + Fe3+ →Fe2+ + H+ + 0.0625n S8 (4)
Bacterial oxidation of ferrous ion and pyrite (1) is the key
function of leaching. Fe3+ produced by these reactions and
protons breaks the chemical bonds of mineral sulfide, resulting
in metal dissolution [(2) and (3)]. During this course, elemental
sulfur (S8) and Fe2+ are liberated (4). Fe2+ gets simultaneous
biooxidation to ferric ion. Therefore, the emphasized condition
for bioleaching, high redox potential, can be maintained by
cyclic regeneration of Fe3+/Fe2+. Acid produced by these
reactions helps the microbe to maintain the necessary acidic
environment for optimum mineral dissolution [27]. In this way,
within the sight of iron and oxygen, sphalerite can be drained
promptly by L. ferriphilum. Bioleaching has been harnessed in
chemical engineering, and various engineering approaches
and kinetic analyses are used for effective extraction of
metals. It is outstanding that few factors such as pH,
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temperature, redox oxidation potential, pulp density (PD),
particle size, energy sources, availability of nutrients,
concentration of ferric iron, oxygen and carbon dioxide,
presence of toxic elements and organic matter in the mineral
are associated with bioleaching of sulfide minerals [8]. Though
the bacterial population, leaching efficacy, and leaching rate
appear closely related to the bioleaching conditions based on
the above-mentioned factors, this work is limited to study the
effect of PD on bioleaching mechanism of sphalerite by L.
ferriphilum isolate. This article extends the kinetic analysis of
bioleaching rate based on the first-order kinetic model and the
Michaelis–Menten (M-M) model. The rate-controlling advance
of bioleaching reaction was likewise dissected utilizing SCM
from the observed bioleaching data.

2 MATERIALS AND METHODS
2.1 Zinc Concentrate and Characterization
The natural mineral of zinc ore, sphalerite, was acquired from
the Dariba mine region of Rajasthan, India. The ore was
crushed and grounded by the laboratory jaw crusher followed
by ball-mill. The classification of various particle size fractions
was carried out using ASTM sieves. From the grounded ore,
the particles ranging from 100 to 1200 µm (with an average
particle size of 300 µm) were selected for bioleaching
experiments. The identification of mineral distribution and
quantitative analysis of mineralogical composition were carried
out by microscopic analysis and were further confirmed by
XRD analysis. The complete chemical analysis of ore was also
performed to quantify the chemical and metal constituents.
The total metal constituents such as zinc, iron, titanium, and
aluminum contents in the ore were analyzed after complete
acid digestion of the ore.
2.2 Microorganism and Adaptation to Ore
IOB were segregated from mine seepage tests of the
Chitradurga mine sector in Ingaldhal (Karnataka, India). The
isolate was screened from sequentially diluted mine drainage
sample using Leptospirillum medium (Medium 882; DSMZ).
The medium had the following chemical composition:
FeSO47H2O (20 gL-1), (NH4)2SO4 (132 mgL-1), MgCl26H2O
(53 mgL-1), KH2PO4 (27 mgL-1), and CaCl22H2O (147 mgL-1);
and trace elements: MnCl22H2O (0.062 mgL-1), ZnCl2 (0.068
mgL-1), CoCl26H2O (0.064 mgL-1), H3BO3 (0.031 mgL-1),
Na2MoO4 (0.01 mgL-1), and CuCl22H2O (0.67 mgL-1). The
character of the isolation was resolved utilizing the
examination of 16S rRNA nucleotide sequences. A
phylogenetic tree was built and it was determined that the
isolate showed a restriction pattern 99% identical to that of the
L. ferriphilum NR028818. Nucleotide sequences of L.
ferriphilum isolate were submitted to GenBank (National
Center for Biotechnology Information, Maryland, USA) and
accession number KF743135 was granted. Before the
bioleaching experiments, the bacteria were sub-cultured in the
modified medium containing 0.2% (w/v) ore as supplement at
room temperature (28±2°C) and 150 rpm, so that they could
acclimatize to the ore. A small volume (10% (v/v)) of this was
further cultured in a medium containing 0.5% (w/v) ore and 1%
(w/v) FeSO47H2O, and remaining chemical compositions were
kept same as mentioned in Medium 882 to produce mild
adapted culture to the ore. Then a portion of this culture was
further adapted to the modified Medium 882 containing 1%
(w/v) ore without ferrous salt. This ore-acclimatized culture
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was maintained as an inoculum for further bioleaching
experiments.
2.3 Bioleaching Studies
Bioleaching tests were done in 250 ml Erlenmeyer flasks with
100 ml working volume. The impact of PD on leaching of zinc
and iron by the isolate was examined with a PD in the range of
1–5% (w/v) ore. Each flask had the volume fraction of 10%
(v/v) acclimatized inoculum and 90% (v/v) iron-free Medium
882. The medium was changed in accordance with the
underlying pH estimation of 3±0.2 with 5% (v/v) sulfuric acid.
Trials were completed at room temperature (28 ± 2C) and the
pulp was agitated at 150 rpm. A controlled solution was
additionally kept up at the equivalent experimental conditions
with 5% (v/v) alcoholic thymol solution in the medium as
bacterial germicide. The solution was composed by solvate of
1% (w/v) thymol crystals in ethanol. To ensure the reliability of
process, we carried out all the experiments in triplicates. The
mean value and the standard deviation for all the triplicates
were expressed as results.
2.4 Experimental Analysis
During the bioleaching process, oxidation–reduction potential
(ORP) and acidification of leaching medium were determined
once in 24 h by a calibrated ORP meter and a pH meter (both
from Eutech Instruments). At each 48-h interval, samples (5
ml) were intermittently pulled back and centrifuged at 3000
rpm for 20 minutes. The supernatant was separated utilizing
Whatman filter paper and saved at 4oC before determining the
concentrations of bioleached zinc and iron. The groupings of
zinc and iron in the aqueous solution were assessed by atomic
absorption spectrometric (AA200 model; PerkinElmer) and
spectrophotometric
(U2900
model;
Hitachi
UV-Vis
Spectrophotometer) strategies, separately. The fresh iron-free
nutrient solution of medium was added to repay the media loss
because of sample collection and evaporation. Productivity of
bioleaching, signified by ηM, was determined using the
following mathematical expression.
ηM% = (M
− M ) × 100/M
(5)
where Msoln, M0 and MT are the metal concentration in
watery stage at time t during bioleaching, metal fixation in
aqueous phase at zero time and the metal concentration in the
raw sphalerite concentrate, respectively.
2.5 Rate Kinetic Study on Bioleaching Reaction
The rate of the reaction is characterized as the speed of
arrangement of wanted product at the reaction. General
mathematical model applicable for rate of appearance of
soluble metals in bioleaching reaction by assuming the firstorder kinetics can be used as follows [6]:
rm =
= k(C
−C )
(6)
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2.6 Kinetic Study through M-M Approach
The M-M equation predicts the rate dependence of the product
formation on the substrate, and it finds wide application in the
analysis of biochemical reactions [28]. In bioleaching reaction,
the M-M equation describes correlation between the rate of
appearance of solubilized metal (V) and substrate
concentration [PD] supplied to the microorganism, as given in
the following equation [29]:
𝑉=
(8)
where Vmax is the maximum leaching rate, [PD] the
concentration of substrate in terms of PD, and K m the measure
of the affinity of product for its substrate defined as Michaelis
constant. To develop the M-M equation, we determined the MM parameters, Km and Vmax, from the slope and intercept of the
Lineweaver–Burk (LB) plot (1/V vs. 1/PD) using bioleaching
data.
2.7 Kinetic Analysis for Rate Controlling Step
To get better understandings of bioleaching mechanism of
sphalerite by L. ferriphilum isolate, we analyzed the kinetics of
fluid–particle reaction using SCM. Based on SCM, the
bioleaching rate might be constrained by dissemination
through ash layer development on the mineral surface or
chemical reaction or dissemination through liquid film between
the particle and the medium [30-32]. These steps can be
described using the following linear equations [33]:
1 + 2(1  XM)  3(1  XM)2/3 = Kobst
(9)
1  (1  XM)1/3 = kobst
(10)
XM = kobst
(11)
where XM is the fraction of leached metal obtained as a
product at liquid phase. To identify the controlling step, we
carried out linear regression analysis to the plots [1  3(1 
XM)2/3 + 2(1  XM)] versus time, [1  (1  XM)1/3] versus time,
and [XM] versus time on observed bioleaching data. Using
regression examination, we broke down the best fit to
recognize the controlling advance of the bioleaching reaction

RESULTS AND DISCUSSION

3

3.1 Mineralogy and Chemical Investigation Ore
The diverse mineral constituents present in the ore are given
in Table 1. Microscopic analysis of ore for mineralogical
studies showed that quartz and sphalerite are the significant
minerals present in the sample with subordinate measures of
pyrite, galena, dolomite, and lime were also found in minor
amounts. During these studies, it was discovered that one of
the major minerals sphalerite was interlocked with different
minerals such as pyrite, galena (Fig. 1)

In (6), (Cm,max  Cm,t) is the driving force in terms of difference
between the maximum available metal concentration to leach
and the metal concentration existing in the aqueous medium
at time t. k is the kinetic coefficient defined as reaction rate
constant. Integrating (6) between the respective limits (t = 0 h,
Cm,t = 0 and t = t h, Cm,t = Cm,t), the resulting mathematical
model is given in (7). It pursues that k value for bioleaching of
zinc and iron can be resolved from the slant of the summed up
chart ln[Cm,max/(Cm,max  Cm,t)] versus time.
ln (

) = kt

(7)

Fig. 1. Microphotograph of mineral distribution in zinc
concentrates.
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TABLE 1
Mineralogical Constituents of the Ore Sample
Minerals

Percentage

Sphalerite

13.02%

Quartz

82.26%

Dolomite

0.94%

Pyrite

1.80%

Lime

0.58%

Galena

0.44%

The chemical analysis showed that the composition (wt%) of
raw ore was as follows: ZnO, 40.36%; Fe2O3, 6.12%; S,
11.41%; Al2O3, 6.12%; MgO, 8.85%; Na2O, 0.02%; K2O,
0.10%; P2O5, 0.24%; TiO2, 0.21%; CaO, 5.6%; SiO2, 16.92%;
MnO, 0.41%; and loss of incineration (LOI), 3.67%. Trace
amounts of K2O, PbO, and TiO2 were also found.
3.2 Effect of Pulp Density on pH and ORP during
Bioleaching
The impact of PD on pH during the bioleaching procedure is
appeared in Fig. 2(a) as for time. Without bacteria in control
experiments, a marginal lessening in pH (3.0–2.9) was noticed
because of the chemical oxidation of mineral sulfide. During
bioleaching studies, the pH values increased initially during
the first 3 days. This expansion was because of the acid
utilization from the proton assault of sphalerite, as expressed
by (3), and the acid consumption also took place with the
oxidation of ferrous-to-ferric ion, thus H+ concentration initially
decreased. Similar increase in the pH during the initial couple
of days was seen by [34]. After the third day, the pH estimation
of the medium started to diminish because of production of
sulfuric acid by the bacterial oxidation of pyretic stage. The
resulting precipitation of ferric compounds was also observed
during the hydrolysis of iron. Though the reduction in the pH
value was observed in experiments with all PDs, highest
reduction in the pH value (2.43) was found in the experiment
with 1% (w/v) PD at the end of 20 days. It was observed that
the final pH values at 2%, 3%, 4%, and 5% PDs were 2.7, 2.7,
2.8, and 2.9, respectively
.

Fig. 2. Microphotograph of mineral distribution in
spalerite concentrates.

Variations in ORP during the bioleaching of sphalerite ore are
demonstrated in Fig. 2(b). The bacterial oxidation of Fe2+ to
Fe3+ brings about the arrival of free electrons, thus expanding
the ORP of the medium during bioleaching. Comparative
increment was seen by [35]. In control experiments, no
significant variation in the ORP values of the medium was
observed, which indicates absence of any biological reaction.
The increment in the ORP value from 224 to 346 mV was due
to chemical oxidation with sulfuric acid added to the medium
for initializing the pH value to 3. Highest ORP value was
recorded as 615.4 mV at 5% (w/v) PD and the lowest value
(444.5 mV) was found in the experiment with 1% (w/v) PD. At
the end of the 20th day, ORP values at 2%, 3%, and 4% PDs
were observed to be 463.00, 519.00, and 557.67 mV,
respectively. The pattern of progress in the ORP esteems
shows that the increase in PD is positively emphatically
corresponded to ORP.
3.3 Bioleaching of Zinc and Iron
Bioleaching of zinc from the sphalerite ore at different PDs as
a function of time is demonstrated in Fig. 3(a). At the end of
20th day, the efficiency of zinc leached was observed to be
6.43% in the control experiment. It was discovered that at 1%
(w/v) PD, efficiency of zinc leaching was 87.85%. It was the
highest compared to that of the other PD treatments. In the
experiments with 2%, 3%, 4%, and 5% PDs, the efficiency of
zinc leached was seen as 78.74%, 68.57%, 66.02%, and
60.10%, respectively. Chemical analysis showed the presence
of 6.12% (w/w) of iron in the ore. The nearness of iron was
found as pyrite mineral phase by mineralogical analysis.
Because L. ferriphilum isolate uses iron as an energy source,
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the pyrite present in the ore can be leached.

Fig. 3. Bioleaching efficiency of Zinc (a) and Iron (b)
by L. ferriphilum with different pulp densities.

The efficiency of bioleaching dynamics for iron from the ore at
different PDs by the isolate strain is presented in Fig. 3(b). In
control experiment, 9.28% of iron was leached without the
activity of species. It was observed that bioleaching with 1%
(w/v) PD gave higher efficiency to leaching of iron (92.74%).
Leaching of iron at 2%, 3%, 4%, and 5% (w/v) PDs was
discovered to be 86.59%, 76.40%, 71.73%, and 65.70 %,
respectively. The energy-dispersive X-ray spectroscopic
examination of bioleached residue was used to watch the
leached out zinc and iron from the mineral ore. With the
increment in PD, the bioleaching efficiencies of zinc and iron
diminished. This decline was because high PD causes
mechanical stress on the microorganism and less mass
transfer rate of oxygen from the gas phase that could not
satisfy the microbial demand. Thus, the better bioleaching
requires treatment with lower PDs. Be that as it may, further
endeavors ought to be made to build the proficiency of
bioleaching with higher PDs.

Fig. 4. Plot based on first order rate kinetics for rate
constant of Zn (a), and iron (b) bioleaching.

Because the leaching was negatively correlated with the PDs,
the values of rate constant also decreased with increasing
PDs. At the experiments with 2%, 3%, and 4% (w/v) PDs, the
values of rate constant were observed to be 0.0039, 0.0029,
and 0.0027 h1, respectively, for the leaching of zinc , and
0.0043, 0.0033, and 0.0029 h-1, respectively, for the leaching
of iron. At the experiment with 5% (w/v) PD, the estimation of
rate constant was seen to be 0.0023 h1 for the leaching of
zinc and 0.0025 h1 for the leaching of iron as minimum. From
the study, it is evident that PD significantly affects the rate of
bioleaching.
TABLE 2
Values of Rate Constant at Different Pulp Densities for
Bioleaching of Zinc
Compositions
1% PD
2% PD
3% PD
4% PD
5% PD

3.4 Bioleaching Kinetics
3.4.1 Kinetic Rate Constants of Bioleaching
The first-order kinetic model (5) was utilized to depict the
bioleaching of zinc and iron from the sphalerite ore. Fig. 4(a)
and 4(b) demonstrate the fitting of the exploratory information
for the rate constants of zinc and iron bioleaching. The values
of the rate constant (k) and corresponding regression
coefficient (R2) are given in Tables 2 and 3 for the respective
metals. The maximum values of rate constant for zinc and iron
were obtained at the treatment with 1% (w/v) PD. The values
of rate constant were observed to be 0.0051 and 0.0055 h1,
respectively, for the bioleaching reaction of zinc and iron.

Rate constant (k value)
0.0051
0.0039
0.0029
0.0027
0.0023

TABLE 3
Values of Rate Constant at Different Pulp Densities for
Bioleaching of Iron
Compositions
1% PD
2% PD
3% PD
4% PD
5% PD

Rate constant (k value)
0.0055
0.0043
0.0033
0.0029
0.0025

3.4.2 M-M Kinetics on Bioleaching
The M-M equation (8) can be utilized to portray the rate
kinetics of biological leaching of zinc and iron with as for PD.
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The LB plots from the leaching data, 1/V versus 1/PD for zinc
and iron are shown in Fig. 5(a) and 5(b). From these
portrayals, the kinetic parameters k m and Vmax for bioleaching
of zinc and iron can be acquired. The estimations of km for
bioleaching of zinc and iron were seen as 2.729 and 1.5058
mgL-1, separately. The higher estimation of km for zinc than
that for iron may demonstrate an inclination for leaching of
zinc in the ore. The values of Vmax for bioleaching of zinc and
iron were seen as 1.017 and 0.1325 mgh -1L-1, respectively.
The results affirmed that zinc breaks up superior than iron
from the ore by bioleaching, in light of the fact that the value of
Vmax for zinc is seven times higher than that for iron.

Fig. 6. Fitting of zinc leaching to ash layer diffusion
control model (a), chemical reaction control model.

Fig. 5. Lineweaver-Burk plot for Zinc (a) and Iron (b)
bioleaching.

3.4.3 Rate Controlling step of Bioleaching
Based on SCM, the rate controlling steps engaged with the
fluid–particle reaction, for example, ash layer dispersion
control and chemical reaction control were inspected. The
graphical applicability of the SCM for bioleaching reaction is
given in Fig. 6(a) and 6(b) for zinc and Fig. 7(b) and 7(b) for
iron. The regression analysis from fitting of models plainly
demonstrated that ash layer diffusion controlled SCM fits
better to the observed bioleaching data. The rate-controlling
factor of the indirect bioleaching is the dissemination of
lixiviant through the ferric sulfate and the passive layer of
elemental sulfur (product obtained according to 4) formed on
the surface of sulfide minerals. The SEM images of raw ore
and bioleached ore are depicted in Fig. 8 and 9. The SEM
image of bioleached residue clearly shows the formation of
elemental sulfur layer on the mineral surface by the biological
reaction. This layer, which acts as diffusion barrier to mineral
oxidation, likely controls the metal dissolution reaction.

Fig. 7. Fitting of iron leaching to ash layer diffusion
control model (a) and chemical reaction control model
(b).
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4

[5]

[6]

[7]
Fig. 8. SEM Image of raw sphalerite ore.

[8]

[9]
[10]

Fig. 9. SEM image of bioleached residue.

4. CONCLUSION
The bioleaching of zinc and iron from sphalerite concentrate
by the isolate L. ferriphilum adapted to ore was studied at
experiments with different PDs. Indirect bioleaching facilitated
by Fe3+ ions through bacterial oxidation was considered. The
results showed that the experiment with 1% (w/v) PD exhibits
the highest efficiency of leaching as 87.85% and 92.74% for
zinc and iron, respectively. When the PD increases, the
bioleaching efficiency decreases because the high ore
concentration implies mechanical stress on the organism, thus
reducing its leaching ability. The first-order kinetics showed the
higher rate constant values to be 0.0051 and 0.0055 h1,
respectively, for leaching of zinc and iron, using 1% (w/v) PD.
At the mentioned bioleaching conditions, the Michaelis
parameters km and Vmax were observed to be 2.729 mgL-1 and
1.0172 mgh-1L-1, respectively, for leaching of zinc, and 1.5058
mgL-1 and 0.1325 mgh-1L-1, respectively, for leaching of iron.
Among the various steps involved in the SCM, it was identified
that the ash layer diffusion control model fits closely to the
indirect bioleaching of sphalerite by L. ferriphilum.
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